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A B S T R A C T
The hydrological processes associated with vegetation and their eﬀect on slope stability are complex and so
diﬃcult to quantify, especially because of their transient eﬀects (e.g. changes throughout the vegetation life
cycle). Additionally, there is very limited amount of ﬁeld based research focusing on investigation of coupled
hydrological and mechanical inﬂuence of vegetation on stream bank behavior, accounting for both seasonal time
scale and diﬀerent vegetation types, and none dedicated to marine clay soils (typically soil type for Norway).
In order to ﬁll this gap we established hydrological and mechanical monitoring of selected test plots within a
stream bank, covered with diﬀerent types of vegetation, typical for Norwegian agricultural areas (grass, shrubs
and trees). The soil moisture, groundwater level and stream water level were continuously monitored.
Additionally, soil porosity and shear strength were measured regularly. Observed hydrological trends and dif-
ferences between three plots (grass, tree and shrub) were analysed and formed the input base for stream bank
stability modeling. We did not ﬁnd particular diﬀerences between the grass and shrub plot but we did observe a
signiﬁcantly lower soil moisture content, lower soil porosity and higher shear strength within the tree plot. All
three plots were stable during the monitoring period, however modeling scenarios made it possible to analyse
potential diﬀerences in stream bank stability under diﬀerent vegetation cover depending on root reinforcement
and slope angle.
1. Introduction
Soil moisture content, pore water pressure and frictional properties
of the soil are the most important factors inﬂuencing slope stability
(e.g.: Simon et al., 1999; Bogaard and van Asch, 2002; Krzeminska,
2012). Slope stability is determined by the balance of shear stress and
shear strength. Gravity, mobilised friction, buoyancy and seepage are
the forces that work on soil body. The potential soil movement is re-
sistant by the shear strength of the soil that can be mobilised along the
slip surface. Negative pore water pressures reﬂect the surface tension of
pore water in the voids, creating a suction eﬀect on surrounding par-
ticles and contribute to the stability of the stream bank. Increase of the
soil moisture content within the bank reduces the tension of pore water
in the voids and decreases frictional soil strength. Additionally, pre-
sence of pore water increases the unit weight of the bank material
making the bank more susceptible to failure.
Vegetation eﬀects on slope stability may be broadly classiﬁed as
either mechanical or hydrological (e.g.: Greenway, 1987; Gray and
Sotir, 1996; Abernethy and Rutherfurd, 2000; Genet et al., 2008). The
mechanical eﬀect of vegetation on slope stability relates mainly to root
reinforcement (positive inﬂuence; Thorne, 1990; Abernethy and
Rutherfurd, 2000; Genet et al., 2008; Vergani et al., 2012).Roots anchor
themselves into the soil to support above-ground biomass, producing a
reinforced soil matrix that is less prone to shear failure (Waldron, 1977;
Wu and Watson, 1998). The magnitude of root reinforcement mostly
depends on root distribution, root mechanical properties (Greenway,
1987; Bischetti et al., 2005; Ji et al., 2012; Naghdi et al., 2013) and root
moisture content (Pollen, 2007). Few studies (e.g. Pollen, 2007) talk
about the weight of the vegetation mass having negative inﬂuence on
slope stability. The hydrological eﬀect of vegetation on slope stability
relates to altering soil moisture. Presence of vegetation may reduce soil
moisture content because of interception and transpiration, and water
absorption by roots. On the other hand, riparian zones intent to favor
inﬁltration over surface runoﬀ: these may result in higher moisture
contents during and after rainfall events and gives the potential for
destabilization (Greenway, 1987; Collison and Anderson, 1996;
Andreassian, 2004).
The quantiﬁcation of coupled hydrological and mechanical eﬀects
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of vegetation on stream bank stability remains diﬃcult due to the
complexity of the interactions occurring between riparian vegetation
and processes of bank stability (e.g.: Sidle, 1991; Abernethy and
Rutherfurd, 2000; Sidle et al., 2006; Pollen, 2007). The beneﬁcial and
disadvantageous eﬀects of vegetation presence act against each other
(Simon and Collison, 2002) and can vary greatly in time: (1) pore water
pressures are transient in response to changes in precipitation and
streamﬂow and (2) root reinforcing depends on the vegetation growth
cycle (Pollen-Bankhead and Simon, 2009). There is limited amount of
ﬁeld scale research focusing on coupled hydrological and mechanical
inﬂuence of vegetation on stream bank stability, and even less dedi-
cated to stream bank stability in small agricultural catchments, ac-
counting for: (1) diﬀerent vegetation types and (2) temporal changes in
hydrological responses observed in both the bank and the stream.
In the framework of the forecasted increase in both the amount and
intensity of precipitation events in Norway, all the natural phenomena
triggered by water, including soil erosion, ﬂoods and landslide, are
expected to boost their impact on the anthropic environment (e.g.:
Øygarden et al., 2011; Hanssen-Bauer et al., 2015). The area along
streams are among the landscape elements that ﬁrst will be aﬀected by
climate change: stream bank failures often occur following ﬂoods
(Tohari et al., 2007) or during prolonged rainfalls (Midgley et al.,
2012). Vegetated buﬀer zones are one of the most common measures in
Norway to improve water quality in agricultural catchments (e.g.:
Blankenberg et al., 2016). While these measures aim to slow down the
runoﬀ and retain the sediment and nutrient particles from adjacent
agricultural ﬁelds, they might have signiﬁcant inﬂuence on stream bank
stability, depending on the vegetation type.
The main cause of the streambank failures observed in small agri-
cultural catchments in Eastern Norway is undercutting of bank toe and
resulting steepening of the slope (Fig. 1; Skarbøvik et al., 2014;
Skarbøvik, 2016) while the triggers are either hydrological factors
(snow melt, intensive/prolonged rainfall) or human activity (using
heavy machinery close to the edge of streambanks). Majority of the
erosion events are observed in spring and autumn when the ﬂooding
risk is high (Skarbøvik and Bechmann, 2010): during the drawdown
phase, the conﬁning pressure of the water in the streams disappears and
(partly-) saturated stream banks tent to fail (e.g. Jia et al., 2009). Re-
latively planar failure surface are commonly observed in the area
(Fig. 1).
This paper aims to investigate both hydrological and mechanical
eﬀect of vegetation on stream bank stability in an agricultural catch-
ment in Norway. We combine seasonal hydrological monitoring (soil
moisture content and pore water pressure under three vegetation
treatments, and water level in the stream) with stream bank stability
modeling. Monitoring of groundwater level and soil moisture ﬂuctua-
tions accounts for inﬁltration of precipitation and/or runoﬀ from
agricultural ﬁeld, and inﬂuence of changes in water level in the stream.
A custom made version of the stream bank stability model (BSTEM)
allows for incorporation of monitored hydrological responses.
2. Case study area and monitoring sites
Monitored test plots are located along the Hobøl River, the main
tributary of the Morsa catchment system, located in South-Eastern
Norway. The catchment area of the Hobøl River is 333 km2. About 16%
of the catchment is agricultural land, about 5% waterbodies, and the
remaining 79% forest (Blankenberg et al., 2008). The dominating soil
type within the catchment is coarse moraine in the forested areas and
marine deposits with silt loam and silty clay loam texture in agriculture
areas (Hauken and Kværnø, 2013). Fluvial deposits with silt and silt
loam texture are found along the river. The mean annual temperature is
5.6 °C, measured at Rygge meteorological station. The mean annual
precipitation is 829mm (Skarbøvik and Bechmann, 2010). Large dif-
ferences in water discharge are observed at the Hobøl River (Skarbøvik
et al., 2014): from relatively stable discharge (1.0–3.0 m3/s) in winter
and summer periods, to dynamically changing high discharge
(7.0–48.0m3/s) in spring and autumn.
Hydrological monitoring of two plots representing vegetation ty-
pical for Norwegian agriculture areas (Fig. 2): mixed grass (root depth
up to 20 cm) and trees (root depth more than 100 cm) were installed.
Additionally, on the site with mixed grass, redcurrant berry bushes
(Ribes rubrum ‘Jonkheer van Tets’) have been planted (in July 2016). All
plots are located within distance of 50m to ensure similar soil and
environmental conditions. The height of the bank, at all three test plots,
is 4 m above riverbed, while the slope varies greatly: 27.5°–32.6° for the
grass plot, 39°–54° for the trees plot and 24.7°–39.7° for the shrubs plot.
No visible soil stratiﬁcation was observed within vertical proﬁles during
installation of the equipment.
3. Material and methods
3.1. Monitoring
Hydrological monitoring. Each test plot was installed with two
piezometers (Fig. 3): one located close to the river (the bottom of these
piezometers reached the average level of the water in the river during
the dry summer period, 1.60m above riverbed) and one located close to
the top of the stream bank (the bottom of these piezometers was at
c.a.2.30m above riverbed). The piezometers were made of PVC tubes
with 0.90m ﬁlters, covered with standard ﬁlter protection, surrounded
by ﬁlter sand and closed with granular bentonite. Groundwater re-
sponses were monitored with the use of automatic recording water
pressure devices (Diver; Eijkelkamp, Netherlands) with a 10min time
resolution. Atmospheric pressure was monitored with Baro-DIVER
(Eijkelkamp, Netherlands). Each test plot was equipped with soil
moisture and soil temperature sensors (FDR, 5TM from Decagon De-
vices) in combination with EM50 Digital data Logger recording with
30min time resolution. Based on generic calibration of the FDR the
accuracy for the volumetric water measurements is± 0.03m3/m3 while
for temperature readings it is± 1 °C. In order to monitor changes in soil
moisture proﬁles within stream banks, sensors are installed at 5 depths
Fig. 1. Examples of observed undercutting processes and associated slope failures in small agricultural catchments in Eastern Norway: (a, b) Hobøl River and (c) Lier
River.
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(0.1, 0.2, 0.3, 0.4, 0.5 m in grass and bushes plots, and 0.3, 0.4, 0.5, 0.6
and 0.8 m in trees plot). Fluctuations of water level in the river were
monitored with the use of Ultasonic Distance Sensor (UDL, from PIL
Sensoren Gmbh, with accuracy of± 2mm). Time resolution for the
water level was 30min. As trade-oﬀ between sensor's measuring range
(2.0 m) and installation possibilities the initial setup was able to
monitor water level ﬂuctuation in the stream above the 50.3m a.s.l.
From 11/03/2017 onwards, we increased the height of the sensor with
0.7 m due to damage by ﬂoating ice and risk of ﬂooding the sensor.
Additionally, we performed several manual measurements of water
level in the stream during summer 2016.
Monitoring of mechanical properties of roots reinforced soil and
bank erosion. In addition to monitoring related to hydrological prop-
erties, we performed regular investigations of in-situ undrained shear
strength of the root-reinforced soil with a Field Inspection Vane Tester
(FIVT, Eijkelkamp, Netherlands) and soil porosity measurements (bulk
density rings, 100 cm3). Additionally, we monitored potential changes
in the bank proﬁle with series of erosion pins, 6 pins per each plot (e.g.:
Lawler, 1993; Skarbøvik, 2016) using a Topcon diﬀerential GPS system
(from Topcon Positioning Systems).
Weather data. The meteorological parameters were monitored in-
situ using a combination of Davis Rain Gauge Smart Sensor (0.2 mm
resolution) and HOBO® Micro Station Data logger (ONSET Computer
Corporation).
3.2. Stream bank stability modeling
3.2.1. BSTEM model
Stream bank stability modeling has received great attention since
1960 (Papanicolaou et al., 2006). Slope stability analysis, typically
performed using the limit equilibrium method (LEM), aims to compute
factor of safety as a ration between stabilising and destabilising forces.
Improving their models, researchers tend to account for (1) better, more
realistic, geometry including the presence of tension cracks (2) the ef-
fects of positive and negative pore water pressure and (3) presence of
riparian vegetation. In this study, we used the bank stability sub-model
of BSTEM (Bank-Stability and Toe-Erosion Model; Simon et al., 1999).
BSTEM is a physically based single site model, that combines three limit
equilibrium-methods to estimate the stability of the bank (factor of
safety, FS): horizontal layers (Simon et al., 2000), vertical slices
(Langendoen and Simon, 2008) and cantilever shear failure (Thorne
and Tovey, 1981). It is capable to model shear-type failures that occur
when the driving force (stress) exceeds the resisting force (strength),
assuming the planar failure surface.
BSTEM allows for ﬁve unique layers, accounted for pore water
pressures on both the saturated and unsaturated parts of the failure
plane, and the conﬁning pressure from stream ﬂow (Fig. 4). Driving
forces in a stream bank are controlled by the total volume and the
weight of soil in a failure block (determined by the height, angle, unit
weight and mass of pore-water). The resisting strength of the bank
material is determined using a modiﬁed Mohr-Coulomb criterion (Eq.
(1)) for saturated conditions and Fredlund et al. (1978) criterion (Eq.
(2)) for unsaturated conditions.
Fig. 2. Location of the monitoring plots (a) and pictures from the plots: (b) grass plot, (c) trees plot, (d) shrubs plot.
Fig. 3. The stream bank proﬁles with location of monitoring equipment for: (a) the grass plot, (b) the trees plot and (c) the shrubs plot. P stand for piezometers,
WLdry, refers to average water level in the river during the dry summer of 2016. Depth of FDR sensors is not scaled.
Fig. 4. A schematic bank diagram with the various inputs used in BSTEM.
(Adapted from Lammers, 2015.)
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= ′ + − ′S c σ μ φ( )·tanr w (1)
where: Sr is the shear strength of the soil [kPa], c′ is eﬀective cohesion
[kPa], σ is normal stress [kPa], μw is pore-water pressure [kPa], and ϕ′ is
the eﬀective friction angle [°].
= ′ + − ′ + −S c σ μ φ μ μ φ( )·tan ( )·tanr a a w B (2)
where: μa is pore-air pressure [kPa], (σ – μa) is the net normal stress on
the failure plane, ϕb describes the rate of increase of shear strength from
matric suction [°].
BSTEM assumes that water table is horizontal within a particular
bank. The pore pressures are calculated for each layer based on pro-
vided depth of groundwater table, assuming hydrostatic conditions.
BSTREM does calculate the water exchange between the stream and the
bank. However, the custom made version of BSTEM allows for use of
both the stream hydrograph and pore water pressure data series as an
input parameter to the model and makes it possible to account for the
pore water pressure ﬂuctuation in the stream bank.
The model has built-in algorithm that iterates over multiple failure
scenarios (shear emergence elevations and the angle of shear surface) to
determine the one with the lowest FS. The bank is considered to be
‘stable’ if calculated Fs is greater than 1.3. Banks with Fs value between
1.0 and 1.3 are considered to be ‘conditionally stable’, i.e. stable but with
little safety margin for uncertain or variable data. Slopes with Fs value
less than 1.0 are ‘unstable’ (Simon et al., 2000).
Fig. 5. Hydrological monitoring results: precipitation and ﬂuctuation of water level in the Hobøl river (WLstream) above the riverbed (a), blue shaded area indicates
freezing period; ﬂuctuation of groundwater level (GWL) above the riverbed and soil water content (Θ) at four depths within the grass plot (b), the trees plot (c) and
the shrubs plot (d). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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The mechanical inﬂuence of vegetation on bank stability is included
in BSTEM by changing the value of the soil strength parameters to
account for root reinforcement using RipRoot model (Pollen and Simon,
2005). RipRoot is a ﬁber bundle model which predicts progressive root
breakage and subsequent distribution of the applied load. Additional
cohesion due to roots, cr, is calculated based on plant age and percent
contribution to assemblage.
However, within the current version of BSTEM, the root reinforce-
ment is only designed and tested for top of bank vegetation, not ve-
getation covering an entire bank slope. In our case, vegetation cover
stretched over the entire bank slope and reached the water when it was
at its lowest stage. Therefore, we estimated total cohesion of root-re-
inforced soil (cT) outside of the BSTEM, based on the following formula
(Waldron, 1977; Schmidt et al., 2001; Hubble et al., 2010; Chok et al.,
2015):
= ′ +c c cT r (3)
where: c′ is eﬀective soil cohesion and cr is additional root cohesion
based on RipRoot model. We calculate cT for each soil layer deﬁned
with BSTEM model and used it directly as an input to BSTEM bank
material data tables.
3.2.2. Modeling strategy
As a ﬁrst step we applied the custom made version of the bank
stability sub-model of BSTEM for three existing plots to test the current
stability of the banks. For further investigation and comparability
analysis we have deﬁned the following modeling scenarios:
- shrubs future – where we assumed fully developed root system of
shrubs (see Table 3);
- slope 24.7° - where we performed slope stability analysis assuming
the minimum (24.7°) slope angle for three existing plots and for
shrubs - future scenario
- slope 54.0° - where we performed slope stability analysis assuming
the maximum (54.0°) slope angle for three existing plots and for
shrubs - future scenario
4. Results
4.1. Monitoring results
Fig. 5(a) shows series of precipitation and changes in water level in
the river (WLstream). WLstream at the beginning of the observation period,
summer 2016, is below or at the border of the sensor limit. In this
period we collected a series of manual measurements (red asterisks on
Fig. 4a), conﬁrming that the water level in the stream was below the
sensor limit and was in a range of 1.40–1.70m above riverbed (WLdry).
Hydrological responses observed within the three plots (Fig. 5b, c, d)
show both diﬀerences and similarities. The grass plot and shrubs plot
show similar dynamics both in groundwater level (GWL) and soil water
content (Θ) ﬂuctuation, while clear diﬀerences in hydrological re-
sponses within the trees plot are observed. The timing of observed GWL
peaks, in response to precipitations, is the same in all three test plots.
However, GWL within the trees plot stayed at a higher level for a longer
period than at the two other plots.
The observed trends of Θ variations correspond to the GWL ﬂuc-
tuations. There were visible diﬀerences in the Θ trends within 0–30 cm
subsoil: signiﬁcantly lower Θ at 0–10 cm depth within the grass plot, at
0–20 cm depth within the shrubs plot and at 30–40 cm depth within the
trees plot (Table 1). These diﬀerences correlate with observed diﬀerent
root depths and, intuitively could be further explained by root water
uptake inﬂuence. The period of relatively stable low Θ observed within
the shrubs plot (Fig. 4c) in winter 2017 corresponded to the observed
freezing period.
Fig. 6a shows the soil porosity values measured at two depths within
each plot. In general, soil porosity decreased with increasing soil depth.
Soil porosity at the trees plot was lower than at the other two plots. The
results of vane shear strength measurements are shown at Fig. 5b. In all
plots vane shear strength increased with soil depth. This behavior is a
combined eﬀect of soil compaction with depth (Table 2) and presence
of the root-reinforced soil (diﬀerent root depths for diﬀerent vegetation
cover type). The vane shear test measurements in the trees plot were
the highest and showed the most variability, as they strongly depend on
the position relative to main root systems. Fig. 6c shows the soil-roots
strength changes with time. A clear trend is visible in all three plots:
higher values of vane shear strength can be observed during late spring
and summer. Again this trend is a combination of two factors: intensity
of the vegetation grow (higher root density) and lower soil moisture
content (Fig. 5).
Table 2 presents the characteristics of the soil within the three plots
and included both measured (saturated unit weight, γsat) and estimated
(c′, ϕ′) parameters. The ϕ′ values are based on geotechnical data
(Geotechdata, 2013)The c′ values are based both on geotechnical data
(Geotechdata, 2013) and ﬁeld observations, taking the vane shear
strength measured under (near-) saturation conditions and below the
root depths as a rough approximation of the soil cohesion. Table 3
presents the root cohesion (cr) as a result of species composition within
each plot, calculated with the RipRoot sub-module of BSTEM.
The erosion pins showed no changes in the stream bank proﬁles for
the monitoring period, which is in agreement with what we observed
during the ﬁeld visits.
4.2. Modeling results
4.2.1. Processing of the hydrological data and scenario description
In order to prepare the hydrological input series for the BSTEM
model we had to ﬁll the gaps in the monitoring data. The gaps corre-
spond with the dry periods when the stream level dropped below the
sensor measuring limit after re-installation of the ultrasonic sensor. In
these periods, we ﬁlled the gaps with equal value of 1.6 m above riv-
erbed, which is an average of the manual water level measurements
during the dry summer period (Fig. 3). In this way, we created a worst
case scenario: low water level in the stream means removal of the
conﬁning pressure from the stream. In addition, if there is no water
observed in the piezometers (GWL is below the piezometer depth) we
assume that GWL is equal piezometer depth.
4.2.2. Simulated stream bank stability
Fig. 7(a, b, c) presents FS simulated for the three plots using the
slope angles observed within each plot. Additionally, Fig. 7d presents
predicted slope stability within the shrub area assuming full root de-
velopment of freshly planted berry bushes (shrubs - future scenario). In
all cases FS is above 1.3 which means that all three plots are stable. This
is in agreement with ﬁeld observation and erosion pin measurement
(Table 3). The variation in Fs values corresponds to the variation in
observed GWL and WLstream (Fig. 5). With an increase in observed
WLstream followed by an increase of GWL, the slope stability increases as
conﬁning pressure from the stream provides the support for the bank.
When WLstream decreases the level of stability depends on the timing of
decrease in GWL. In case of the grass plot and the trees plot a general
trend of lower Fs values during spring (from March to April 2017) and
early autumn (September–November) and higher Fs values during the
Table 1
Normalized soil moisture values, averaged over observation period.
Normalized soil water content
Depth 10 cm 20 cm 30 cm 40 cm 50 cm 60 cm 80 cm
Grass plot 0.26 0.41 0.45 0.49 0.44 – –
Trees plot – – 0.16 0.28 0.33 0.35 0.39
Shrubs plot 0.22 0.25 0.36 0.39 0.33 – –
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summer (May–June 2017) is observed. This trend is not as strong
within the shrubs plot (Fig. 7c, d). There is an increase in simulated FS
values between current status of the shrub plot (Fig. 7c) and its po-
tential behavior in case of a fully developed roots system of the berry
bushes (Fig. 7d).
Fig. 8 presents the FS values for the three plots calculated for the
minimum and maximum slope angle observed across all three plots:
24.7° - measured within the shrub plot; and 54.0° - measured within the
tree plot. Fig. 9 summaries all calculations (all plots and all scenarios)
in form of histograms. Note that even with the longest periods of higher
GWL (Fig. 5c) the tree plot shows the highest values of FS for all si-
mulated scenarios. When the steeper slope is considered for the grass
plot and shrub plot, they start to show periods with Fs values in range
between 1.0 and 1.3, indicating ‘conditional stability’ of the slope and
with Fs below 1.0, suggesting potential slope failure.
Fig. 6. Measured porosity (a) and vane shear strength (b) at diﬀerent depths within three plots. Graphs show boxes of average values ± standard deviation, together
with max and min measured values; (c) changes in average shear strength with time and with depth, for the three plots.
Table 2
Characteristics of the soil within the three plots and BSTEM input parameters.
Layer Depth Saturated unit weight Friction angle (ɸ′) Cohesion (c′)
Grass plot Trees plot Shrubs plot Minb Maxb BSTEM intput(e) min(m) min(m) BSTEM intput(e)
[m] [kN/m3] [degrees] [kPa]
1 0.2 16.0(m,av) 16.6(m,av) 16.1(m,av) 18.0 32.0 26.4 2.0(m) 8.0(m) 4.3(e) c
2 0.4 16.0(m,av) 16.6(m,av) 16.1(m,av) 18.0 32.0 26.4 2.0(m) 8.0(m) 4.3(e) c
3 0.6 16.3(m,av) 17.8(m,av) 16.7(m,av) 18.0 32.0 26.4 2.0(m) 8.0(m) 4.3(e) c
4 1.6 18.0(e) a 18.0(e) a 18.0(e) a 18.0 32.0 26.4 – – 4.3(e) c
5 4.1 18.0(e) a 18.0(e) a 18.0(e) a 18.0 32.0 26.4 – – 4.3(e) c
(m)measured; (av)average value; (e)expert estimates.
a Schaap et al. (2001).
b Geotechdata (2013).
c Default BSTEM parameters.
Table 3
Additional cohesion from roots, based on RipRoots sub-model (Pollen-
Bankhead and Simon, 2009).
Vegetation cover Addition root
cohesion (cr)
Type Age %cover [kPa]
Grass plot Mixed grass 2 years 90 0.35
Trees plot Alder/brich 25 years 40/40 7.18
Shrubs plot Grass/berry
bushes
2 years/
1 year
40/60 0.35
Shrubs future Grass/berry
bushes
2 years/
7 year
40/60 1.37
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5. Discussion
We based our research on comparative analysis in order to see
which type of vegetation is optimal for preventing stream bank failures,
triggered by ﬂooding or prolonged rainfall. Although we tried to select
uniform test areas, diﬀerences between the plots were unavoidable. The
most important diﬀerence is the slope of the bank, which is generally
steeper in the trees plot than in the two other plots. This already in-
dicates that trees covered buﬀer zones provide stronger reinforcement
to the bank slopes than other vegetation. In order to overcome the
Fig. 7. Variation of Fs with time for the three existing plots (a, b, c) and for the “shrubs-future” scenario (d). Diﬀerent colours emphasise diﬀerent slope angles. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 8. Variation of Fs with time for modeling scenarios: slope 24.7° and slope 54.0° for three existing plots (a, b, c) and shrubs - future scenario (d). The threshold
lines are indicated to the graphs: red - FS=1, ‘unstable slope’ and yellow - FS=1.3, ‘conditionally stable slope’. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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diﬀerences in slope angle we introduced diﬀerent model scenarios
(Fig. 8) and simulated potential variation in Fs in these slopes validated
by the observed hydrological responses. However, changes in slope
angle can result in a diﬀerent distribution of pore water pressure and
consequently diﬀerences in slope stability calculations.
Another diﬀerence between the selected plots appears when looking
at the monitored variation in groundwater levels (Fig. 4b, c, d). While
the grass and shrubs plot seem to represent similar hydrological sys-
tems, the trees plot behaves diﬀerently. The groundwater level in the
trees plot is generally higher that in the two other plots. This is in
contradiction with other ﬁndings of Simon and Collison (2002) who
reported signiﬁcantly lower matric potential within the tree cover area
compared to grass cover area or bare soil control site of their
experimental ﬁeld. The reason for this discrepancy might be the size of
vegetated zone along the river: we are looking at vegetated slopes of the
stream banks only, not big forested areas. The size of vegetation strips
deﬁnes the degree of its eﬀect on local hydrology. Additionally, part of
our observations can also be explained by a more compacted soil under
the trees cover (Fig. 5a). Nevertheless, it is likely that we did not
identify all the components of hydrological system in this area, i.e.
subsurface groundwater recharge. This limits the possibility to compare
hydrological eﬀects between the plots.
As there was no stream bank covered with shrubs in the area, we
have planted berry bushes at the beginning of the monitoring period.
Not yet fully developed root systems of the planted berry bushes re-
sulted in little to no diﬀerences in both hydrological responses (Fig. 4b,
Fig. 9. Histograms of FS for all simulated scenarios. Shadowed areas indicate stability classes according to the BSTEM model: red – unstable slope; yellow –
conditional stability; green – stable slope. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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d), additional root cohesion (Fig. 5b, c and Table 3) and calculated
safety factor values (Fig. 6a, c) between shrub and grass plot. Therefore,
we added the ‘shrubs - future’ scenario for the shrubs plot to account for
a potential increase in strength of the root-reinforced soil with time
(Table 3). However, we ignored the possible eﬀect of fully developed
root system on slope hydrology.
There are few limitations of the current version of BSTEM that in-
ﬂuence the stability analysis. Presented modeling results do not account
for potential seasonal changes in additional root cohesion, that we
observe in the ﬁeld (Fig. 6) and that is conﬁrmed by other studies (e.g.:
Pollen-Bankhead and Simon, 2009). During winter and early spring the
vegetation is dormant and additional cohesion coming from the roots
can be smaller or even negligible, especially in case of grass cover.
Moreover, additional load coming from vegetation weight is not in-
cluded in stability calculations. This, in turn, might be important in case
of trees cover (e.g.: Ott, 2000; Pollen, 2007). It is also necessary to
mentioned pre - assumed planar failure plan as a general limitation of
BSTEM model. However, in in our case, this assumption is valid as
planar plane are commonly observed in the area (Fig. 1).
The observed hydrological responses together with slope stability
analysis suggest that investigated vegetated buﬀer zones give mostly a
mechanical aid to bank stabilization, with the hydrologic eﬀects con-
sidered as less important. Slope stability depends on the diﬀerences
between GWL and WLstream and hydrological eﬀects should be visible in
lowering of GWL. In our case, the trees plot showed the most stable
stream bank conditions (Fig. 8), even with the higher groundwater le-
vels, as a result of simulated high root reinforcement (Table 4). Every
0.8 kPa of additional root cohesion (diﬀerence between
cr,grass=0.37 kPa and cr,shrubs-future=1.35 kPa) can compensate be-
tween 20 cm (in case of slopes with 54.0° inclination) and 25 cm (in
case of slopes with 24.7°) of GWL increase (Fig. 10). Moreover, Addi-
tional cohesion from the roots compensates the slope inclination and
the level of the compensation diﬀer depending on the reference slope
angle (Fig. 11).
6. Conclusion
The coupled hydrological and mechanical eﬀect of vegetation on
bank stability is complex and varies greatly in time depending on soil
characteristics, hydrological conditions and vegetation type. With this
study we aimed to investigate stream bank stability under diﬀerent
vegetation cover types (grass, trees and shrubs) and its time variation
depending on the hydrological conditions and vegetation stage.
Based on ﬁeld data analysis and stream bank stability modeling we
conclude that vegetation covering the slopes of the stream banks has
mostly a mechanical eﬀect on stream bank stability. Among monitored
plots, representing stream banks covered with grass, trees and shrubs,
the area with the trees is the most stable and shows the highest capacity
to accommodate potential shear stress. This indicates that the type of
the vegetation, corresponding to level of root reinforcements that
should be used for reinforcing the stream bank slope depends on slope
angle: for gentle angles the grass cover is suﬃcient treatment, while
trees cover is necessary to protect steeper slopes against slope failures.
This research indicates the need for further studies to improve
knowledge about the soil-roots reinforcement, and its variability in
time, taking into account the range of typical Norwegian soils and most
common Norwegian plant species. A combination of ﬁeld and labora-
tory test (i.e. triaxial test, root strength measurements, etc.) is necessary
for better quantiﬁcation of the mechanical eﬀect of roots for stream
bank stabilization in Norway.
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